Abstract: CO 2 is one of the most important greenhouse gases. Its concentration and distribution in the atmosphere have always been important in studying the carbon cycle and the greenhouse effect. This study is the first to validate the XCO 2 of satellite observations with total carbon column observing network (TCCON) data and to compare the global XCO 2 distribution for the passive satellites Orbiting Carbon Observatory-2 (OCO-2) and Greenhouse Gases Observing Satellite (GOSAT), which are on-orbit greenhouse gas satellites. Results show that since GOSAT was launched in 2009, its mean measurement accuracy was −0.4107 ppm with an error standard deviation of 2.216 ppm since 2009, and has since decreased to −0.62 ppm with an error standard deviation of 2.3 ppm during the past two more years (2014)(2015)(2016), while the mean measurement accuracy of the OCO-2 was 0.2671 ppm with an error standard deviation of 1.56 ppm from September 2014 to December 2016. GOSAT observations have recently decreased and lagged behind OCO-2 on the ability to monitor the global distribution and monthly detection of XCO 2 . Furthermore, the XCO 2 values gathered by OCO-2 are higher by an average of 1.765 ppm than those by GOSAT. Comparison of the latitude gradient characteristics, seasonal fluctuation amplitude, and annual growth trend of the monthly mean XCO 2 distribution also showed differences in values but similar line shapes between OCO-2 and GOSAT. When compared with the NOAA statistics, both satellites' measurements reflect the growth trend of the global XCO 2 at a low and smooth level, and reflect the seasonal fluctuation with an absolutely different line shape.
Introduction
For decades, human activities have led to a dramatic increase in greenhouse gas (GHG) and pollutant concentrations in the atmosphere, and a significant increase in GHGs, especially CO 2 , has had a significant impact on global climate. Therefore, major scientific research has focused on accurately measuring changes in atmospheric carbon dioxide concentration. At present, atmospheric CO 2 observation mainly relies on passive detection technology, especially passive satellite remote sensing technology. Representative systems include Japan's Greenhouse Gases Observing Satellite (GOSAT) [1] , NASA's Orbiting Carbon Observatory-2 (OCO-2) [2, 3] , and China's carbon satellite [4, 5] , which all have wide detection ranges, large monitoring areas, and large sampling data. Since the successful launch of GOSAT in January 2009, several teams of scholars from more than 10 countries have been working on independent retrievals of XCO 2 and XCH 4 with errors of less than 2 ppm Table 1 . Partial information of Greenhouse Gases Observing Satellite (GOSAT) and Orbiting Carbon Observatory-2 (OCO-2). 
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TCCON
The TCCON is a terrestrial FTS network that records direct solar spectra in near-infrared spectral regions [29] . Twenty-six sites are used for data gathering; however, three of these sites, including Four Corners (FC), Indianapolis (IF), and Jet Propulsion Laboratory have stopped operating. Jet Propulsion Laboratory comprises two datasets, JC and JF, with different missions. Another site, Lauder, also has two datasets, LH and LL, which have different spectrometers. Five sites will soon join the TCCON observation network. Since 2004, Park Falls, WI, USA, which is the first TCCON site, has been recording the column-averaged abundances of CO 2 , CH 4 , N 2 O, HF, CO, H 2 O, and HDO. The observed XCO 2 data product has been confirmed as a validation standard and has been compared with multiple satellite observations of XCO 2 data. In this study, the XCO 2 data gathered from TCCON ground observation from June 2009 to December 2016 were used to validate XCO 2 data retrieved from GOSAT and OCO-2. The official site ID, longitude and latitude, and start and end times of data collection of each site are shown in Table 2 . TCCON data were obtained from the TCCON Data Archive (http://TCCON.ornl.gov), which is hosted by the Carbon Dioxide Information Analysis Center. We filtered out the data with an 'fvsi' (fractional variation in solar intensity) higher than 5%. 
Method
In this study, we directly compared the output of the NIES SWIR of GOSAT, OCO-2 data, and no smoothing was applied to either dataset. Rodgers and Connor (2003) pointed out that it is not reasonable to directly compare the measurements made by different remote sounders due to their different a priori profiles and averaging kernels [56] . However, it is demonstrated that direct comparison is also applicable in the validation of satellite's measurements in the latest researches about the validation of satellites' measurements. Zhou M et al. did not deal with the impact of the difference between the averaging kernels of TCCON and GOSAT data when considering the true atmospheric variability as unavailable [17] . It is demonstrated that the TCCON stations located at low-latitudes with small the solar zenith angle, during the ±2 h when GOSAT pass the TCCON sites, and GOSAT and TCCON averaging kernels look very similar. Besides, Inoue et al. compared the NIES SWIR XCO 2 retrievals to aircraft data with and without applying GOSAT averaging kernels to the higher-resolution aircraft data and did not find a significant difference for XCO 2 . The differences between aircraft-based XCO 2 with and without the application of GOSAT column averaging kernels were evaluated to be less than ±0.4 ppm at most, and less than ±0.1 ppm on average [57] . The effect of column averaging kernels on GOSAT XCO 2 is relatively negligible when compared with its measurement accuracy. For OCO-2, we adjusted the XCO 2 measurements of OCO-2 from Jan 2015 to March 2016 with column averaging kernels in each TCCON site. Figure 1 shows the difference between the adjusted XCO 2 and retrieved XCO 2 from Jan 2015 to March 2016. Figure 2 shows the statistics about the effect of the chice of a priori profile and the effect of smoothing by the averagein kernels for data measured by OCO-2 over each TCCON site, including the minimum, median, mean, maximum, the 1st and 5th percentiles, Remote Sens. 2017, 9, 1033 5 of 27 and 95th and 99th percentiles. We found that the effect with applying OCO-2 averaging kernels could be neglected with the difference less than ±0.36 ppm at most, and less than ±0.021 ppm on average.
XCO2 data from OCO-2 were validated with TCCON from September 2014 to December 2016, when 23 TCCON sites had the XCO2 data that corresponded with OCO-2 measurements. XCO2 data from GOSAT were validated with TCCON from April 2009 to December 2016, when 25 sites had the XCO2 data that corresponded with GOSAT measurements; and from September 2014 to December 2016, when 19 TCCON sites had the XCO2 data that corresponded with GOSAT measurements. Given the different geographical environments of the TCCON sites and the large differences in data volume and XCO2 distribution characteristics in the northern and southern hemispheres, we decided to categorize the sites into different latitude zones to evaluate measurement accuracy. In the following analysis, we divided these TCCON sites into six latitude zones, namely, 75°N-85°N, 60°N-70°N,  45°N-55°N, 30°N-40°N, 20°S-0, and 60°S-30°S , based on the work of Wunch [11] . XCO2 data from OCO-2 were validated with TCCON from September 2014 to December 2016, when 23 TCCON sites had the XCO2 data that corresponded with OCO-2 measurements. XCO2 data from GOSAT were validated with TCCON from April 2009 to December 2016, when 25 sites had the XCO2 data that corresponded with GOSAT measurements; and from September 2014 to December 2016, when 19 TCCON sites had the XCO2 data that corresponded with GOSAT measurements. Given the different geographical environments of the TCCON sites and the large differences in data volume and XCO2 distribution characteristics in the northern and southern hemispheres, we decided to categorize the sites into different latitude zones to evaluate measurement accuracy. In the following analysis, we divided these TCCON sites into six latitude zones, namely, 75°N-85°N, 60°N-70°N,  45°N-55°N, 30°N-40°N, 20°S-0, and 60°S-30°S , based on the work of Wunch [11] . For our coincidence criteria, we filtered XCO 2 measurements from the satellites within an hour of measurement and within ±2 • latitude and ±2.5 • longitude of the TCCON sites, thereby obtaining sufficient data and guaranteeing time-space coherence. Then, we selected the TCCON data that were closest to the data from the satellites in measurement time. The XCO 2 measurements were then validated in terms of observation modes based on the coincidence criteria. The TANSO-FTS in GOSAT works in observation mode 1 (OB1D) or specific observation mode (SPOD) and calibrates itself in calibration modes. SPOD is used to observe specific places, such as sites, for verification and points along a pipeline, including sun glint points. In this study, the data from the SWIR Level 2 product were observed under OB1D and SPOD. For OCO-2, we considered four modes, namely, land target, land nadir, land glint, and sea glint, which combined the OCO-2 operation modes (i.e., nadir, glint, and target) and surface types (i.e., land and sea). We compared mean XCO 2 from satellites from each observation with TCCON data. Usually, more than 100 measurements of OCO-2 and 1-4 measurements of GOSAT are obtained during one observation. The comparisons of XCO 2 measurements are shown in Tables 3 and 4 . We analyzed the linear relationship between satellite measurements and TCCON data, including all of the validated data, and individually studied the measurements in terms of latitude zones and observation modes. The results of linear fitting between satellite measurements and TCCON data mainly include parameters, linear correlation coefficient k, and goodness of fit R 2 . Parameter k describes the dependence of the variability of the satellite measurement at each TCCON value in the regression and R 2 describes the ability of satellites to interpret TCCON data. R 2 is closer to 1, the better the linear relationship between satellite measurements and TCCON data. In addition, we compared satellites' measurements and TCCON data throughout the observation period. We also calculated the XCO 2 data accuracy of satellites, which represents the degree to which the measured value matches the true value. Accuracy is usually expressed by the error; a minimal error indicates high accuracy and that the measured value is close to the true value. The formulas are as follows:
where x represents the XCO 2 measurements of the satellites, and x is the average XCO 2 value in one observation. X represents the TCCON data. Ea is the average of absolute error, and σ is the standard deviation of the XCO 2 measurement error of the satellites. Ea represents the overall error; if it is positive, then most of the XCO 2 measurements of the satellites are higher than the TCCON data; if it is negative, then most of the XCO 2 measurements of the satellites are lower than the TCCON data. σ represents the degree of dispersion of the error distribution and the measurement precision of satellites. A large standard deviation of the XCO 2 measurement error of the satellites indicates a large degree of dispersion of the error distribution and poor observation accuracy of the satellites. Due to the significant graded distribution of XCO 2 in latitude, the difference of XCO 2 in northern hemisphere and southern hemisphere cannot be neglected. Sometimes, this percentage accuracy may be of more persuasion than that in ppm. Therefore, the measurement accuracy of the XCO 2
Remote Sens. 2017, 9, 1033 7 of 27 measurements of the satellites are not only calculated in unit of ppm but also in unit of percentage for the evaluation of OCO-2 and GOSAT data. The required measurement bias margin for OCO-2 and GOSAT is 0.3%. Therefore, we calculated the overall accuracy of OCO-2 and GOSAT, the formulas of which are as follows:
The comparison of XCO 2 data from OCO-2 and GOSAT was based on the same spatial resolution mean-monthly dataset. We used GOSAT SWIR Level 3 products and reproduced OCO-2 monthly global XCO 2 distributions (2.5 × 2.5 degrees of grid as a unit). The reproduced OCO-2 monthly global XCO 2 distributions are generated from OCO-2 Lite File Products by averaging all of the measurements in each grid each month. We used GOSAT SWIR Level 3 products mainly because the spatial coverage of the reproduced monthly global XCO 2 distributions from GOSAT Level 2 (using the same method as OCO-2) was lower to compare with that of OCO-2, as shown in Figure 3 . Furthermore, the XCO 2 spatial coverage of GOSAT Level 3 is similar to that of OCO-2. Therefore, we resampled the XCO 2 data from OCO-2 Lite File Product to monthly XCO 2 distribution (2.5 × 2.5 degrees of grid as a unit). We analyzed the characteristics of the latitude distribution and the latitude gradient of XCO 2 . Then, we calculated the monthly average XCO 2 measurements of GOSAT and OCO-2 in different geographical spaces, including the globe, global land, global ocean, the northern hemisphere and its land or ocean, and the southern hemisphere and its land or ocean. We then analyzed the trend and seasonal variation using the STL method in R language and compared the results with the statistics from National Oceanic and Atmospheric Administration's Earth System Research Laboratory (NOAA/ESRL), Mauna Loa CO 2 monthly mean data, which was provided by Ed Dlugokencky and Pieter Tans, NOAA/ESRL (www.esrl.noaa.gov/gmd/ccgg/trends/). In according to NOAA, there are good reasons to believe that the CO2 measurements made at the Mauna Loa Observatory reflect truth about our global atmosphere. The main reasons for that confidence are: (1) The Observatory near the summit of Mauna Loa, at an altitude of 3400 m, is well situated to measure air masses that are representative of very large areas. (2) All of the measurements are rigorously and very frequently calibrated. (3) Ongoing comparisons of independent measurements at the same site allow an estimate of the accuracy, which is generally better than 0.2 ppm. Therefore, we used the statistical CO 2 data at Mauna Loa by NOAA as the background CO2 levels to compare with the statistical values of satellites. In addition, we analyzed the difference in XCO 2 variation trend between GOSAT and OCO-2 combined with land use types provided by ISLSCP II MODIS (Collection 4) IGBP Land Cover, 2000-2001 [58] . 
Results and Discussion
Validation of XCO 2 from Satellites with TCCON Data
Based on the coincidence criteria of data selection, Tables 3 and 4 display the quantity statistics of the XCO 2 data of the satellites from each TCCON site under different observation modes at different latitudes zones. The numbers before "\" represent the quantity of XCO 2 measurements by satellite, and the numbers after "\" represent the quantity of corresponding TCCON measurements. Their quotient are the average numbers of XCO 2 measurements in one observation at one time in a 4 × 5 grid near each TCCON site. The GOSAT data were divided into two parts, that is, those gathered from September 2014 to December 2016 and those gathered from June 2009 to December 2016. The figures in Tables 3 and 4 confirm the advantages of OCO-2 on spatial resolution and imaging capability.
Noteworthy results from the validation with TCCON data are shown in Tables 5-9 . Table 5 shows the results of linear fitting (linear correlation coefficient k and goodness of fit R 2 ) between OCO-2 measurements and TCCON data in each latitude zone and observation mode and overall statistics. Table 6 shows the same statistics on GOSAT measurements as Table 5 . Table 7 shows a comparison of linear fitting results between GOSAT and OCO-2 on each TCCON site. As indicated by the comparison in Table 6 , the correlation between TCCON XCO 2 and GOSAT XCO 2 from 2009 (k = 0.866 and R 2 = 0.851) is higher than that between TCCON XCO 2 and GOSAT XCO 2 from 2014 (k = 0.673 and R 2 = 0.651), which shows that the quality of GOSAT observations, in terms of accuracy, has been declining recently. Figure 4 shows the correlation between TCCON XCO 2 and OCO-2 XCO 2 from 2014 (k = 0.937 and R 2 = 0.773), which indicates that OCO-2 had indeed better ability to observe global atmospheric CO 2 due to advanced spectrum measurement than GOSAT. The correlation between the XCO 2 observations of the satellites and TCCON data since September 2014 follow a significant trend related to latitude zones; the correlation gradually weakens as the latitude zone moves southward, as shown by parameters R 2 in Tables 5 and 6 . Although OCO-2 data also exhibits this pattern, the lowest degree of correlation in the southern hemisphere is still relatively high, and the difference between the latitude zones is insignificant. The GOSAT data (since 2014) shows a large latitude difference; meanwhile, the degree of correlation in the southern hemisphere decreases significantly. However, this feature is not reflected by the GOSAT data from June 2009 to September 2014. The quality of GOSAT observations seems to have dropped more in the southern hemisphere recently. In terms of observation modes, the GOSAT XCO 2 measurements under OB1D better reflect the XCO 2 at TCCON sites, and the correlation between GOSAT observations under OB1D and the TCCON data has decreased, from a correlation with k = 0.792, R 2 = 0.791 to a correlation with k = 0.66, R 2 = 0.63 than recent GOSAT observations under SPOD in recent years. OCO-2 XCO 2 measurements under land target mode appear to the best in reflecting the true XCO 2 value and is followed by sea glint, land nadir, and land glint. Figures 4-6 show the comparison between TCCON XCO 2 data and satellites' XCO 2 measurements in observation period from September 2014 to December 2016. Over the past two more years (2014-2016), the detection of OCO-2 in the northern hemisphere was a good reflection of the XCO 2 concentration at each TCCON site, having almost the same amplitude and period of the XCO 2 season and annual changes. In the southern hemisphere, XCO 2 shows a linear growth trend, and OCO-2 observations show a linear growth trend with a barely noticeable season change as the XCO 2 of TCCON show; however, the error between OCO-2 and TCCON is greater than that in the northern hemisphere, especially in July and August, when the OCO-2's XCO 2 data were considerably much higher than TCCON XCO 2 data. GOSAT XCO 2 data in the mid-latitudes of the northern hemisphere are sensitive to changes in season. The GOSAT XCO 2 measurements are considerably larger than those of TCCON at the highest and lowest concentrations of TCCON XCO 2 . In the southern hemisphere, the variation trend of GOSAT XCO 2 data was consistent with that of TCCON but smaller than TCCON-measured XCO 2 (2-3 ppm). Figure 6 demonstrated that OCO-2 is superior to GOSAT in observing XCO 2 . The advantages of OCO-2 lie in the number of repeat observation points and its high accuracy, especially in the southern hemisphere TCCON sites, where GOSAT observations show a larger deviation than OCO-2. 75°N-85°N, 60°N-70°N, 45°N-55°N, 30°N-40°N , 20°S-0°, 60°S-30°S and four observation modes, land nadir, land glint, land target, and sea glint. Table 5 . Linear fitting of OCO-2 and TCCON data (parameter: k (R 2 )). 75°N-85°N, 60°N-70°N, 45°N-55°N, 30°N-40°N , 20°S-0°, 60°S-30°S and two observation modes, OB1D and SPOD. 75°N-85°N, 60°N-70°N, 45°N-55°N, 30°N-40°N , 20°S-0°, 60°S-30°S and two observation modes, OB1D and SPOD. Table 8 lists the accuracy of the XCO 2 measurements of the satellites under different observation modes in each TCCON site. The numbers before "±" represent the averages of measurement errors, and the numbers after "±" represent the standard deviations of the measurement errors. All of the values in Table 8 Table 8 shows the overall accuracy under the different observation modes; for OCO-2, XCO 2 measurements under sea glint mode show the best accuracy with −0.03313 ppm error and 1.288 ppm standard deviation of measurement error; the sea glint mode is followed by land target, land nadir, and land glint, with 0.3795 ppm error and 1.873 ppm standard deviation of measurement error. For GOSAT, XCO 2 measurements under OB1D show good accuracy regardless of the date range in which they were gathered; the accuracy of the XCO 2 measurement from September 2014 is lower than that from June 2009. In most TCCON sites, OCO-2 was more accurate than GOSAT. Table 9 lists the overall accuracy of the XCO 2 measurements of the satellites, which also confirms the advantage of OCO-2 over GOSAT in measurement accuracy and the decline of GOSAT measurement quality in recent years. Results show that since GOSAT was launched in 2009, its mean measurement accuracy was −0.4107 ppm (−0.1038%) with an error standard deviation of 2.216 ppm (0.5615%) since 2009, and decreased to −0.62 ppm (−0.1549%) with an error standard deviation of 2.3 ppm (0.5753%) during the past two more years (2014-2016), while the mean measurement accuracy of the OCO-2 was 0.2671 ppm (0.06797) with an error standard deviation of 1.56 ppm (0.3903%) from September 2014 to December 2016. GOSAT observations have recently decreased and lagged behind OCO-2 on the ability to monitor the global distribution and monthly detection of XCO 2 .
Latitude Zone Land Nadir Land Glint
When compared with superior study on the validation of GOSAT and OCO-2 XCO 2 data, there are some consistence and differences. Preliminary validation of the NIES/JAXA/MOE GOSAT products is reported in Morino 2015) found that the average bias of GOSAT was lower in the southern hemisphere than in the northern hemisphere, which has also been verified in our study. Besides, they found that there was no distinct trend in the correlation coefficients as the latitude changes from south to north. However, in our study we found that the correlation coefficients between GOSAT and TCCON generally decreased as the latitude changes from south to north.
So far, the first validation of the OCO-2 products is reported in Wunch et al. (2016) . They evaluated the measurement accuracy of Version 7r of OCO-2 in terms of three operation modes, Target, Nadir, and Glint. The results they found were median differences less than 0.5 ppm and RMS differences typically below 1.5 ppm. In our study, we validated OCO-2 in latitude zones, surface types and operation modes. The overall bias of 0.2671 ± 1.56 ppm in our study was consistent with Wunch et al. (2016) . Besides, Wunch found that target observations over TCCON stations correlate best with the TCCON data (R 2 = 0.83) on a global scale, which also have been verified in our study. The XCO 2 measurements under land target observation mode had the best correlation coefficient of 0.84 among four kinds of observation modes and the overall correlation coefficient was 0.773 from September 2014 to December 2016. Figure 6 shows the spatial coverage of XCO 2 from OCO-2 Lite File Product, GOSAT Level 3, and GOSAT Level 2, in globe, land, and ocean, respectively. The monthly coverage of terrestrial and marine XCO 2 concentrations demonstrate strong variations in seasons, and the global coverage changed slightly. By applying the kriging method on GOSAT Level 2, GOSAT Level 3 was found to have a spatial coverage similar to that of OCO-2 in the spatial resolution of 2.5 latitude × 2.5 longitude. The coverage of OCO-2 XCO 2 data is slightly larger than that of GOSAT Level 3 in globe, and considerably larger than GOSAT Level 3 in ocean, but lower than GOSAT Level 3 in land. The main reason behind this pattern is the effect of clouds and thick layers of aerosol on the observations of OCO-2, which would be screened by the filtering mechanism. Therefore, we analyzed the spatial variation of XCO 2 distribution between OCO-2 and GOSAT Level 3. Figure 7 shows the comparison of spatial XCO 2 distribution between OCO-2 and GOSAT. GOSAT can observe more north as compared with OCO-2 in the northern hemisphere and OCO-2 can observe more south when compared with GOSAT in the southern hemisphere, especially in July and October. The XCO 2 retrievals were scattered near the equator except for the north and south ends of the observation area. The satellites were unable to gather XCO 2 measurements over tropical rainforests, such as the Amazon basin and the Southeast Asia and Congo River basins. Figure 8 shows the difference in XCO 2 measurements between OCO-2 and GOSAT. By comparing data gathered over four months in 2016, the range of biases between OCO-2 and GOSAT was found at the minimum in April, followed by July, October, and January. In these four months, the OCO-2 XCO 2 values were generally higher than those of GOSAT in ocean but lower than those of GOSAT in some land regions, such as the North African Sahara, the Arabian Desert, and Southeast Australia. This characteristic is especially pronounced in winter and summer. In January, the OCO-2 XCO 2 values were significantly higher than those of GOSAT in the ocean of the southern hemisphere and lower than those of GOSAT in the North African Sahara and the Arabian Desert. In July, the OCO-2 XCO 2 values were significantly higher than those of GOSAT in the high latitudes of the northern hemisphere and lower in Central South America and Southern Africa. We calculated the monthly mean distribution of global average XCO2 in a 2.5-latitude resolution because the distribution of XCO2 has a distinct latitude change. From Figures 9-11 , the monthly XCO2 concentration distribution of GOSAT and OCO-2 was consistent in the latitudinal direction; however, the degree of change was related to the season. From November to January, the XCO2 data of OCO-2 was lower than those of GOSAT in the vicinity of 30°N and higher than those of GOSAT in the Figure 8 . Difference of XCO 2 measurements between OCO-2 and GOSAT in January, April, July and October 2016. The colorbars represent the degree of the difference. Red grids indicated the XCO 2 measurements of OCO-2 were higher than that of GOSAT. Blue grids indicated the XCO 2 measurements of OCO-2 were lower than that of GOSAT.
Comparison of XCO 2 Data between GOSAT and OCO-2
We calculated the monthly mean distribution of global average XCO 2 in a 2.5-latitude resolution because the distribution of XCO 2 has a distinct latitude change. From Figures 9-11 , the monthly XCO 2 concentration distribution of GOSAT and OCO-2 was consistent in the latitudinal direction; however, the degree of change was related to the season. From November to January, the XCO 2 data of OCO-2 was lower than those of GOSAT in the vicinity of 30 • N and higher than those of GOSAT in the vicinity of 50 • S, mainly because of the low XCO 2 measurements that OCO-2 observed over the Sahara Desert at 30 • N and the high marine measurements observed at 50 • S in the three months. Moreover, in the northern and southern hemispheres, the monthly OCO-2 and GOSAT XCO 2 change in peak-valley had the same two-to-three-month dislocation but with a large difference in the peak and valley values. In the later analysis, we focused on the trend of XCO 2 distribution and seasonal cycle fluctuations from different data of the satellites in the northern and southern hemispheres. In addition, we calculated the difference in XCO 2 latitude gradient between OCO-2 and GOSAT. Figures 12 and 13 show that OCO-2 XCO 2 data vary more intensely than those of GOSAT in latitude at the equatorial region and at both ends of the measurable geographical locations in the northern and southern hemispheres, where the data might be influenced by the large biases. Moreover, the latitudinal gradient has a relatively stable periodicity. Therefore, we assumed that a difference between the observations of GOSAT and OCO-2 exist in the northern and southern hemisphere or in land and ocean, thereby resulting in significant seasonal and latitudinal differences in the global XCO2 latitude gradient. Therefore, we compared the monthly XCO2 distribution trend of OCO-2 for more than two years with that of GOSAT. The selected region types were divided into global, global land, global ocean, northern hemisphere, northern Therefore, we assumed that a difference between the observations of GOSAT and OCO-2 exist in the northern and southern hemisphere or in land and ocean, thereby resulting in significant seasonal and latitudinal differences in the global XCO 2 latitude gradient. Therefore, we compared the monthly XCO 2 distribution trend of OCO-2 for more than two years with that of GOSAT. The selected region types were divided into global, global land, global ocean, northern hemisphere, northern hemisphere land, northern hemisphere ocean, southern hemisphere, southern hemisphere land, and southern hemisphere ocean. Based on loess decomposition, we analyzed the annual growth trends and seasonal fluctuations in the different regions. The results are shown in Figures 14-16 . OCO-2 and GOSAT were consistent in terms of annual XCO 2 growth trend; however, the GOSAT retrievals showed a higher XCO 2 growth rate from November 2015 to April 2016 than other months, while OCO-2 reflected a relative stable XCO 2 growth rate over the same time period. Moreover, OCO-2 data were approximately 1 ppm to 2 ppm higher than those of GOSAT overall in XCO 2 trend values. As compared with the NOAA statistics of the monthly average CO 2 on Mauna Loa at an altitude of 3400 m, which be believed to reflect truth about our global atmosphere, both the XCO 2 trend values of OCO-2 and GOSAT were lower and smooth. When considering the seasonal fluctuation, GOSAT has a greater seasonal fluctuation amplitude than OCO-2, with greater amplitude in the northern hemisphere than the southern hemisphere, greater amplitude of ocean measurements than land measurements in the northern hemisphere, and lower amplitude of ocean measurements than land measurements in the southern hemisphere. The largest difference in seasonal amplitudes between GOSAT and OCO-2 occurred in the southern hemisphere. The differences in land measurements were larger than those in ocean measurements. 
Conclusions
This study is the first to compare the XCO2 data of two on-orbit GHG detection satellites, GOSAT and OCO-2. The comparison was divided into two aspects. We compared their accuracy in measuring atmospheric carbon dioxide column concentration with TCCON XCO2 measurements at all of the sites around the world since their launch. Then, we compared the global distribution of the XCO2 measurements of the two satellites. In the validation experiment, we settled for a spatial size of ±2 
This study is the first to compare the XCO 2 data of two on-orbit GHG detection satellites, GOSAT and OCO-2. The comparison was divided into two aspects. We compared their accuracy in measuring atmospheric carbon dioxide column concentration with TCCON XCO 2 measurements at all of the sites around the world since their launch. Then, we compared the global distribution of the XCO 2 measurements of the two satellites. In the validation experiment, we settled for a spatial size of ±2 latitude and ±2.5 longitude of the TCCON site and a time range of ±0.5 h. Then, we compared the XCO 2 data observed by the satellites with the TCCON data. Because of their different instrument designs, the spatial resolution of GOSAT was lower than that of OCO-2, and OCO-2 had significantly more verifiable XCO 2 observation points than GOSAT. The verification results also show that the standard deviation of GOSAT observations were larger than that of OCO-2 at TCCON sites. In addition, given the long observation period of GOSAT, we compared the observation data gathered by GOSAT since it launched in 2009 with the observation data gathered in the past two years. The GOSAT observations of XCO 2 in the past two years were not as accurate as when GOSAT was newly launched. Given the uneven distribution of TCCON ground observation sites, we divided each site into latitude zones and verified XCO 2 based on these zones. Based on the comparison of site data from different latitude zones, the linear relationship from the north to the south, between the XCO 2 observed by the satellite, and the XCO 2 observed by ground-based TCCON were observed to have weakened and the linear coefficient had decreased. This characteristic is important for the correction of XCO 2 for satellite observations. Satellites have multi-mode observation design features to adapt to different observation environments. Therefore, we also analyzed the detection accuracy of XCO 2 satellite observation in different observation modes for both satellites. OCO-2 XCO 2 measurement accuracy under the target mode was the highest among the four observation modes, which was consistent with the work of Wunch [25] . In the comparative experiment, we selected the GOSAT Level 3 data instead of the GOSAT Level 2 data due to the spatial coverage of GOSAT Level 2 data for comparison with the OCO-2 XCO 2 data for the spatiotemporal resampling of 2.5 latitude × 2.5 longitude for a grid of monthly data in several aspects, such as the comparison of the XCO 2 spatial distributions, the spatial and temporal contrast of the XCO 2 latitude gradients, and the annual growth trend and fluctuation contrast of XCO 2 in different spaces (i.e., land, ocean, northern hemisphere, and southern hemisphere). Results show that GOSAT and OCO-2 generally lacked good observations in tropical rainforest areas. Moreover, GOSAT XCO 2 observation values were generally lower than those of OCO-2 by approximately 2 ppm, except in Northern and Southern Africa, Southeast Australia, and Central and Southern South America, where seasonal fluctuation was in low degree. In addition, GOSAT and OCO-2 in the distribution of latitude characteristics also exist at different seasonal fluctuations, which occurred mainly in the past one and a half years. Furthermore, the analysis of the annual growth trend and seasonal fluctuation of XCO 2 reveals that the growth trends of GOSAT and OCO-2 were identical, and the seasonal fluctuation degree of GOSAT was higher than that of OCO-2, especially in the northern hemisphere ocean. Contrary to the trend values and seasonal values calculated by NOAA for global monthly XCO 2 , our findings indicate that the trend values of both satellites' observations were low and smooth, and that the GOSAT values resembled the NOAA statistics less closely than those of OCO-2; seasonal values calculated by satellites' observations in the northern hemisphere land were generally similar to those by NOAA.
Overall, as the two on-orbit GHG exploration satellites, OCO-2 and GOSAT have atmospheric CO 2 detection capabilities. However, OCO-2 is better at obtaining accurate and more XCO 2 measurements than GOSAT and can reflect changes in regional CO 2 concentration at moderate and small scales. Moreover, OCO-2 has a wider detection coverage and higher spatial resolution. It is more likely to realize a more accurate calculation of carbon-source carbon sink data source because of the contribution of both satellites for sensing atmospheric carbon fraction. In the future, the improvement of the retrieval algorithm for OCO-2 will advanced corrected the measurement biases and OCO-2 will be a good and stable supplement instrument for the study of carbon cycle.
